Objective Pro-inflammatory cytokines play a pivotal role in cartilage destruction during the progression of osteoarthritis (OA). Additionally, these cytokines are capable to generate reactive oxygen and nitrogen species within chondrocytes. Mitochondrion is a prime target of oxidative damage and an important player in aging and degenerative processes. The purpose of the present study was to investigate whether these cytokines will alter the mitochondrial DNA (mtDNA) integrity and mitochondrial function in both normal and osteoarthritic human chondrocytes.
Introduction
It is well established that cytokines play an important role in the regulation of chondrocyte function. It is firmly believed that pro-inflammatory cytokines, most notably interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), play a pivotal role in cartilage destruction and that elevated levels of these cytokines occur in the synovial fluid and cartilage of patients with osteoarthritis (OA) 1 and 2 .
Oxidative stress, disrupted mitochondrial respiration, and mitochondrial damage have been found to promote cell death, functional failure, and degeneration. Recently, the studies of mitochondrial dysfunction in OA have received additional scrutiny. It has been reported that respiratory chain activity and mitochondrial membrane potential are reduced in cultured human chondrocytes from patients with OA, when compared to normal donors 3 . Multiple studies have implicated a decrease in mitochondrial Get rights and content
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Advanced search Download PDF Download PDF Download PDF Download PDF Export More options... bioenergetic reserve as a pathogenic factor in degenerative cartilage diseases 4 and 5 . A recent study of comparative proteomics on chondrocytes from normal donors and OA patients showed significant changes in mitochondrial proteins participating in energy production, maintenance of mitochondrial membrane integrity, and free radical detoxification 6 . This study also revealed a significant decrease in mitochondrial superoxide dismutase (SOD) levels and, as a possible output for this antioxidant deficiency, an increase of intracellular ROS generation in OA chondrocytes. This data supports our recent study, which shows a diminished mtDNA integrity and repair capacity in OA chondrocytes compared to normal donors 7 .
Because pro-inflammatory cytokine production is up regulated in osteoarthritic cartilage and this likely contributes to the enhanced NO and ROS production observed in OA cartilage, it is important to evaluate the effects of these cytokines on chondrocyte mitochondrial function. The mitochondrion is the predominant site for intracellular ROS production and a prime target for oxidative damage. ROS production induces damage to lipids, proteins, and nucleic acids in mitochondria, and also, leads to mitochondrial permeability transition (MPT). All these events are implicated in the mitochondrial pathway of apoptosis. To date, controversy still remains as to whether mitochondria are involved in the chondrocyte death induced by pro-inflammatory cytokines. There are data that mitochondrial activity is modulated by TNF-α and IL-1β in normal human chondrocytes 8 . Additionally, it has been shown that IL-1β disturbs the antioxidant enzyme system in bovine chondrocytes, which can explain why oxidative stress generation and mitochondrial damage is observed in OA 9 . Moreover, studies have been performed to show that TNF-α and IL-1β have differential effects on cell death in human articular chondrocytes 10 .
There is a growing body of evidence, indicating that mtDNA damage, caused by ROS or RNS, is involved in cellular dysfunction and death and could play a causal role in disorders linked to the excessive generation of reactive oxygen species. While there is published work which shows that IL-1β leads to oxidative nuclear DNA damage associated with OA 11 , no data has been published about the effects of pro-inflammatory cytokines on mtDNA integrity. Previously, we found that mtDNA integrity and mtDNA repair are diminished in OA chondrocytes compared to normal donors 7 . Therefore, we hypothesized that the destructive effects of pro-inflammatory cytokines on chondrocytes include the induction of mtDNA damage and the concomitant onset of mitochondrial dysfunction. The purpose of the present study was to investigate whether these cytokines will alter mitochondrial DNA integrity and function, and cause apoptosis in both normal and OA human chondrocytes. Also, we investigated whether overexpression of the DNA repair enzyme hOGG1 in human chondrocyte mitochondria will protect chondrocytes from mtDNA damage and have an effect on chondrocyte death induced by both IL-1β and TNF-α.
Materials and methods
Cartilage specimens and chondrocyte primary cultures
The cartilage was obtained from OA patients undergoing total knee replacement and from normal donors available through the University of South Alabama Anatomical Gifts Program. Primary chondrocyte cultures from OA patients were generated as previously described 7 and 12 . Each experiment was carried out with cultures generated from a single specimen, including all necessary controls. Normally, about 15-20 confluent 100 mm dishes containing about 5-7 × 10 6 cells were obtained from culture preparations. Cells grew to confluence in 7-10 days and then were used for experiments.
Cytokine exposure
For initial dose-and time response experiments normal and OA human chondrocytes were exposed to 10, 20, or 50 ng/ml of IL-1β or 50 or 100 ng/ml of TNF-α (both human recombinant from Roche Inc.) for 48 h in DMEM/F12 media supplemented with 4% FBS. Several experiments using a low dose of IL-1β (10 ng/ml) were performed for extended time periods of 72, 96, and 120 h. In some experiments, primary chondrocyte cultures were pretreated with 0.5 mM of the iNOS inhibitor aminoguanidine (AG) for 6 h before and during treatment with cytokines. Following exposure, cells were collected and used for further analysis.
Assessment of mitochondrial DNA damage
Following cytokine treatment, primary chondrocyte cultures were lysed overnight in buffer containing proteinase K. DNA was isolated by standard phenol/chloroform extraction and subjected to Southern blot analysis in alkaline conditions as described before in detail 13 . DNA damage was evaluated as the amount of DNA breaks per 16.6 kb fragment. Break frequency was determined using the Poison expression (s = −lnP 0 , where s is the number of breaks per fragment, and P o is the fraction of fragments free of breaks).
ATP bioluminescence assay
Following the selected cytokine treatment time, primary chondrocyte cultures were lysed and the ATP levels in cells were evaluated using an ATP bioluminescence assay kit (Roche). This technique is well established and uses the ATP dependency of the light omitting luciferase-catalyzed oxidation of luciferin for the measurement of extremely low concentrations of ATP.
Nitric oxide release assay
Total nitrite concentration in the tissue culture media following cytokine treatment was measured in duplicate using a microplate assay employing the Griess reagent (0.5% sulfanylamide and 0.05% naphthalene diamine dihydrochloride in 2.5% orthophosphoric acid Additionally, cells were analyzed in a fluorescent plate reader, and the increase in ROS production was 
DAPI staining
To further identify the appearance of apoptosis, DAPI (4′-6-diamidino-2-phenylindole) staining was performed to observe condensed and fragmented nuclei. Following cytokine exposure, cells were washed with PBS and fixed with 4% of formaldehyde for 30 min at 37°C. Formaldehyde was removed from the cells by three subsequent PBS washes. Cells were incubated with DAPI for 10 min at a final concentration of 500 nM/ml and viewed in a fluorescent microscope.
Western blot analysis
Cells were lysed in cell lysing buffer (Cell Signaling Inc.) and processed according to the manufacturer's suggestions. The cell suspensions were briefly sonicated on ice, centrifuged once more at 5000 g to pellet any remaining debris, and the supernatant protein was used for Western blot assays. The protein concentration was determined using the Bio-Rad protein dye micro-assay according to the manufacturer's recommendation (Bio-Rad). Caspase-9 antibodies (Cell Signaling Inc.) were used to evaluate the mitochondrial pathway of apoptosis. Antibodies against actin (Sigma Inc.) were used to ensure equal loading of samples.
hOGG1 adenoviral transduction
Confluent primary chondrocyte cultures were transduced with adenoviral vectors, containing the gene for the human DNA repair enzyme 8-oxoguanine DNA glycosylase/AP lyase (hOGG1). Also, these vectors contained the mitochondria-targeting sequence (MTS) from mitochondrial SOD to ensure that the enzyme will be delivered to mitochondria and the gene for green fluorescent protein (GFP) to monitor the efficiency of transduction. Vectors without hOGG1 insert, but containing MTS and GFP, were used as negative controls (designated as empty vectors). Adenoviruses containing hOGG1 under MTS were kindly provided by Dr. M Kelly (Indiana State University). Initial experiments were done to find the most efficient and less harmful multiplicity of infection (MOI). We found that an MOI = 6 (six virus particles per cell) gave us the most GFP-positive cells 48 h after virus was added (from 72 to 95% in different experiments). Adenoviral vectors were added to cells in normal growth media and 48 h later those cells were exposed to cytokines for another 48 h before further analysis was performed.
Statistical analysis
Statistical analyses were performed using either Student's t test, or one-or two-way analysis of variance (GraphPad Prism) where appropriate. A difference of P < 0.05 was considered significant. The Bonferroni posthoc test was used to determine the source of difference.
Results
The results of this work will be presented as two parts. The first part gives the results of comparative studies on the effects of IL-1β and TNF-α on mitochondria from normal and OA chondrocytes. The second itochondrial DNA damage is involved in apoptosis caused by pro-in... http://www.sciencedirect.com/science/article/pii/S1063458409002507 von 22 18.11.2014 09:46 part explodes the effect of overexpression of a DNA repair enzyme, hOGG1, on mtDNA damage, mitochondrial function and apoptosis in OA chondrocytes following exposure to IL-1β or TNF-α.
In the first set of experiments, we incubated confluent primary human chondrocyte cultures, obtained from OA patients and normal donors, with increasing concentrations of the pro-inflammatory cytokines IL-1β
and TNF-α to investigate whether mtDNA damage and mitochondrial dysfunction could be induced and whether this would correlate with cell death. As can be seen in Fig. 1 , 10 ng/ml of IL-1β did not cause cell death in either normal or OA chondrocytes, while some mtDNA damage was observed. Following exposure to higher doses of IL-1β, a significant amount of mtDNA damage accumulated in association with an increasing number of apoptotic cells in the OA chondrocytes. Exposure of chondrocytes obtained from normal donors to high doses of IL-1β resulted in a lesser degree of mtDNA damage and a smaller increase in the number of apoptotic cells. Similar results were obtained when confluent chondrocyte cultures were exposed to increasing doses of TNF-α: the accumulation of mtDNA damage with a concomitant increase in the number of apoptotic cells. Therefore, these data show that OA chondrocytes sustained more extensive mtDNA damage and had a larger increase in the number of apoptotic cells when exposed to cytokines. Additionally, because 10 ng/ml of IL-1β is the most frequently used concentration in previous studies and it did not cause apoptosis in either OA or normal human chondrocytes, we decided to expand the treatment time up to 120 h. We hypothesized that through the secondary production of ROS caused by initial mtDNA damage, we would observe enhanced mtDNA damage and apoptosis later, even after low doses of cytokine. As can be seen in Fig. 2 , time-extended treatment of OA chondrocytes with 10 ng/ml of IL-1β caused more mtDNA damage and increased apoptosis. Although the differences between each time point were not found to be statistically significant, the percentage of apoptotic cells was increased with increased time of exposure. *indicates a significant difference (P < 0.05) between normal and OA chondrocytes.
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Mitochondrial DNA damage is involved in apoptosis caused by pro-in... http://www.sciencedirect.com/science/article/pii/S1063458409002507 4 von 22 18.11.2014 09:46 To evaluate the cause of the mtDNA damage, the next set of experiments was performed on OA chondrocytes using the iNOS inhibitor AG. Previously we demonstrated that NO is capable of inducing mtDNA damage and mitochondrial dysfunction in other cell types 15 and 16 . The results of our experiments showed that when AG was present during cytokine treatment, mtDNA damage was abolished [ Fig. 3(A,  B) ]. To prove that AG was blocking NO production by iNOS, we measured nitrite levels in the culture media collected from chondrocytes exposed to pro-inflammatory cytokines alone or in combination with AG. The results of these studies showed that nitrite levels were significantly reduced when AG was added to the cells with cytokines [ Fig. 3(C) ]. Moreover, addition of AG to the media during cytokine exposure significantly reduced the apoptosis induced by both IL-1β and TNF-α [ Fig. 3(D) ]. Because energy production is an important mitochondrial function, we analyzed the changes in ATP levels following cytokine treatment. As can be seen in Fig. 4 , both IL-1β and TNF-α decreased total ATP in a dose-dependent manner, and OA chondrocytes exhibited a more significant decrease in ATP levels following cytokine exposure compared to normal cells. Mitochondrial DNA damage is involved in apoptosis caused by pro-in... http://www.sciencedirect.com/science/article/pii/S1063458409002507 5 von 22 18.11.2014 09:46 Based on our previous work on other cell types 17 and 18 , we hypothesized that mtDNA damage may be the major factor in the mitotoxicity caused by pro-inflammatory cytokines and protection of chondrocytes from mtDNA damage may prevent this mitochondrial dysfunction and apoptosis, which was observed following exposure to IL-1β and TNF-α. To test this hypothesis, we transduced our primary OA chondrocyte cultures with adenoviral vectors containing a DNA repair enzyme hOGG1, an MTS, and GFP. Vectors containing an MTS and GFP only were used as negative controls.
The first set of experiments was performed to evaluate the effect of hOGG1 overexpression on mtDNA damage induced by both cytokines. As can be seen in Fig. 5 , hOGG1 targeted to OA chondrocyte mitochondria was able to protect human chondrocytes from the accumulation of mtDNA damage following exposure to pro-inflammatory cytokines IL-1β and TNF-α. In the next set of experiments we investigated whether overexpression of hOGG1 would have an effect on ROS generation induced by IL-1β and TNF-α. We hypothesized that mtDNA damage would affect electron transport chain function and more free radicals would be generated as a consequence. OA chondrocytes, transduced with both empty and hOGG1-containing vectors, were exposed to both IL-1β and TNF-α for 48 h and analyzed for mitochondrial ROS production. As can be seen in Fig. 6 , cytokine treatment with cytokines of OA empty vector-transduced chondrocytes resulted in enhanced mitochondrial superoxide Mitochondrial DNA damage is involved in apoptosis caused by pro-in... http://www.sciencedirect.com/science/article/pii/S1063458409002507 6 von 22 18.11.2014 09:46 generation compared to untreated controls, while hOGG1-transduced OA chondrocytes exhibited just a slight increase in ROS. Mitochondrial superoxide production in OA chondrocytes transduced with empty vectors (V) and hOGG1 (ogg) containing vectors following exposure to 50 ng/ml of IL-1β or 100 ng/ml of TNF-α for 48 h. Cells were exposed to cytokines, loaded with MitoTracker green and MitoSOX Red, and viewed in fluorescent microscope. Additionally, cells were analyzed in fluorescent plate reader, and increase in ROS production was calculated as percentage increase compare to control.
The final set of experiments was performed to investigate the effect of hOGG1 overexpression on apoptosis induced by IL-1β and TNF-α. Importantly, targeting of hOGG1 to OA chondrocyte mitochondria greatly diminished the apoptosis induced following exposure to 50 ng/ml of IL-1β and 100 ng/ml of TNF-α for 48 h, as can be seen by DAPI staining and flow cytometry analysis [ Fig. 7(A, B) ]. Moreover, the analysis of procaspase 9 cleavage, performed by Western blot analysis, demonstrated that hOGG1-transduced OA chondrocytes cleaved much less of this caspase to the active form following a 48 h exposure to either cytokines [ Fig. 7(C) ]. Mitochondrial DNA damage is involved in apoptosis caused by pro-in... http://www.sciencedirect.com/science/article/pii/S1063458409002507 7 von 22 18.11.2014 09:46
analysis of caspase 9 cleavage in the same groups of cells. The results were obtained from a minimum of six independent experiments, and the values represent the mean percentage of apoptotic cells ±S.E.M. *indicates a significant difference in the number of apoptotic cells (P < 0.05) between empty vector and hOGG1 containing vector cytokine-treated OA chondrocytes.
Discussion
The principal findings of the present work are that: (1) the pro-inflammatory cytokines IL-1β and TNF-α disturb normal mitochondrial function in both normal and OA human chondrocytes by inducing mtDNA damage, decreasing energy production and decreasing mitochondrial transcription; (2) increased NO production is a key factor responsible for accumulation of mtDNA damage after cytokine exposure; (3) OA chondrocyte mitochondria are more susceptible to damage induced by pro-inflammatory cytokines than mitochondria from normal chondrocytes; (4) mtDNA damage plays a pivotal role in the mitochondrial dysfunction and apoptosis induced by pro-inflammatory cytokines. Protection of human chondrocytes from mtDNA damage by the mitochondria-targeted DNA repair enzyme hOGG1 rescues mtDNA integrity, decreases mitochondrial ROS production, preserves ATP levels, reestablishes mitochondrial transcription, and greatly diminishes apoptosis following IL-1β and TNF-α exposure. To the best of our knowledge, this is the first report to explore the involvement of mtDNA damage in the dysfunction and death of cartilage cells following the exposure to pro-inflammatory cytokines.
Mitochondria are important for regulating cell survival, and the signs of cell death usually are preceded by mitochondrial alterations. Recent studies in chondrocytes have shown that NO production, which is up regulated in OA chondrocytes and enhanced as the result of IL-1β and TNF-α exposure, suppresses respiration and ATP generation 19 and 20 . Recently, several studies have addressed the effects of NO on chondrocyte mitochondria. It has been shown that NO activates mitochondria-dependent events which induce apoptosis in human chondrocytes 21 and 22 . Moreover, NO is capable of affecting the antioxidant status of chondrocytes. Recently, it has been reported that IL-1β and IL-6 disturb the antioxidant enzyme system in bovine chondrocytes, which may explain the generation of oxidative stress and cartilage damage during OA 9 . In the present work, we demonstrate that, along with NO, mitochondrial ROS production also is enhanced in OA chondrocytes by both IL-1β and TNF-α. Protection of mtDNA from damage by overexpression of the DNA repair enzyme hOGG1 significantly reduces this production, pointing to mtDNA damage as an important initiating factor responsible for the increase in mitochondrial superoxide production following cytokine treatment. This notion is supported by our recent work 7 where we show that OA chondrocytes have diminished mtDNA integrity and mtDNA repair capacity as a result of OA progression.
There is a growing body of evidence which indicates that mitochondrial function is altered in the OA chondrocytes. Several studies recently have been published addressing the possible connection between cytokines, mitochondrial dysfunction, and apoptosis in OA. Studies from the Blanco lab have dealt with this problem 8, 10 and 23 . While these authors demonstrate that mitochondrial dysfunction is induced following cytokine exposure, no apoptosis by has been accumulated. However, it is difficult to compare these results with ours because the experimental conditions used by this group and our approach are very different. The experiments from the Blanco lab were performed using serum starvation (0.5% FCS in cell media) for 24-48 h followed by cytokine exposure for another 48 h. We simply exposed our chondrocytes to cytokines in regular media containing 4% FBS (Hyclone Inc) for 48 h. Additionally, they used a combination of cytokines with Actinomycin D (ActD) (the inhibitor of transcription) to induce apoptosis. ActD, itself, was found to cause a significant reduction in OA chondrocyte viability. There was an additive effect using a combination of TNF-α and ActD, resulting in more profound viability loss, while the combination of IL-1β
(5 ng/ml) with ActD was found to enhance cell viability compare to ActD alone. Moreover, most of this work was performed on normal chondrocytes. In our study, we report that OA and normal chondrocytes exhibit different sensitivity to pro-inflammatory cytokines. Our work shows that there is a connection between mitochondrial dysfunction and apoptosis following pro-inflammatory cytokine exposure. Experimental conditions may contribute to the differences observed, as well as possible variations in the specimens used.
Our work, along with others, on various cell types suggests that mtDNA damage is ultimately linked to cell viability and apoptosis 24, 25 and 26 . Protection of human chondrocyte mitochondria with a DNA repair enzyme, hOGG1, not only preserves mtDNA integrity following IL-1β treatment, but also reduces the number of apoptotic cells. While there is a study, which shows the accumulation of oxidative nuclear DNA damage in porcine chondrocytes following IL-1β exposure, no, prior to ours, studies have been published analyzing mtDNA integrity following cytokine treatment of cartilage cells 11 . Extensive work has been performed on cell types other than cartilage to seek a possible link between mtDNA damage, oxidative stress in mitochondria, and cell death after pro-inflammatory cytokine treatment. Oxidative stress mediates TNF-α -induced mtDNA damage and dysfunction in cardiac myocytes 27 . Studies on pancreatic β-cells show that their mtDNA is more sensitive to damage induced by IL-1 than nuclear DNA, and cytokineinduced β-cell apoptosis is NO-dependent and mitochondria-mediated 28 . Additionally, pro-inflammatory cytokines are capable of inducing nitric oxide-mediated mtDNA damage and apoptosis in oligodendrocytes 29 . We believe, our study is the first to demonstrate the accumulation of mtDNA damage as a result of pro-inflammatory cytokine treatment of human chondrocytes and to show the role which this damage plays in mitochondrial dysfunction and apoptosis. An important aspect of our findings is that OA chondrocyte mitochondria are more sensitive to the DNA damaging effects of the pro-inflammatory cytokines L-1β and TNF-α than mitochondria from normal chondrocytes. Previously, it has been shown by other investigators that the production of NO by isolated OA chondrocytes was significantly higher than in normal chondrocytes both under basal conditions and after stimulation with L-1β or TNF-α 30 . Our work, and that of others, suggests that mitochondria in OA chondrocytes are already damaged and data from the present study contribute to this knowledge. Although we did not directly prove, in the present work, that NO is responsible for the apoptosis induced following pro-inflammatory cytokine exposure, our data indicates this may be the case because mtDNA damage and apoptosis induced by IL-1β and TNF-α were both abolished by the iNOS inhibitor AG. Our data also suggest the involvement of oxidative stress in the damaging effects of cytokines on chondrocytes function. Because AG did not completely block apoptosis, we believe that ROS also are involved in this process, NO probably only initiates the destructive events, including mtDNA damage, which are later enhanced by ROS.
It is well established that ROS and RNS can directly react with DNA leading to the formation of apurinic (AP) sites resulting in single-strand breaks. Single-strand breaks will abort replication and transcription of mtDNA, which in turn affects mitochondrial synthesis of electron transport chain proteins. Previously we observed that targeting of the DNA repair proteins 8-oxoguanine DNA glycosylase/AP lyase (hOGG1), endonuclease III or endonuclease VIII into mitochondria augmented mtDNA repair of oxidative damage in this organelle, and enhanced cellular survival by blocking the formation of abasic sites 16, 17 and 18 .
In conclusion, our work strongly suggests that the mitochondrion is an important target for chondrocyte damage induced by the pro-inflammatory cytokines IL-1β and TNF-α and the protection from this damage ameliorates mitochondrial dysfunction and diminishes cell death induced by these agents.
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